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Abstract

A strong negative photoconductivity was identified in thin film networks of single-
walled carbon nanotubes using optical pump, THz probe spectroscopy. The films were
controllably doped, using either adsorption doping with different p-type dopant con-
centrations, or ambipolar doping using an ionic gate. While doping enhanced the THz
conductivity and increased the momentum scattering rate, interband photoexcitation
lowered the spectral weight and reduced the momentum scattering rate. This negative
THz photoconductivity was observed for all doping levels, regardless of the chemical
potential, and decayed within a few picoseconds. The strong many-body interactions

inherent to these 1D conductors led to trion formation under photoexcitation, lowering



the overall conductivity of the carbon nanotube network. The large amplitude of neg-
ative THz photoconductivity and the tunability of its recovery time with doping offer
promise for spectrally wide-band ultrafast devices including THz detectors, polarizers

and modulators.
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The functionality of single-walled carbon nanotubes (SWCNTSs) in device applications! ™
is underpinned by their unique optical and electronic properties, such as 1D ballistic con-
duction, large exciton binding energies and strong many-body interactions.®% The local
conductivity of an individual SWCN'T can be extremely high, and changes with its chirality,
defect density, and chemical environment.”® The overall macroscopic conductivity of a car-
bon nanotube thin-film network is dependent upon the local conductivity of each SWCNT
backbone, as well as the network’s connectivity and any energetic barriers at tube-tube
contacts.? ! Terahertz (THz) radiation provides a non-contact probe of the local motion

12,13 which has been exploited to explore

of charges in nanomaterials and nanocomposites,
the plasmonic nature of charge transport in SWCNT thin films.*7 Expanding our knowl-
edge of the optical and THz response of charge carriers in carbon nanotubes is vital for
their use in nanoelectronics, as well as for the plethora of emerging THz devices based on
SWCNTSs, which include sources, detectors, polarizers and modulators.®1? In particular,
these applications require high charge mobilities, picosecond switching times and strong op-
tical absorption, for instance to achieve high modulation depths in optically-switched THz
modulators.

Excitons are the primary photo-product in SWCNTs at room temperature,%2° because
of the strong, weakly-screened Coulomb interaction between holes and electrons. This yields

large binding energies for excitons in both semiconducting?® and metallic?! nanotubes, and

strong optical absorption. Further, excited states below the lowest (Ej;) singlet exciton



state have been observed in hole-doped SWCNTSs, which were assigned to the formation
of trions (charged excitons).?? Trion formation requires an exciton to bind with another
charge, provided either by doping or from the dissociation of another exciton. Evidence
for trions in SWCNTs has been provided from absorption,?® photoluminescence,?*2® time-

resolved photoluminescence?® and pump-probe spectroscopy 2628

experiments. Hole doping
is thought to promote trion formation by creating a relaxation channel from bright excitons
to trions consisting of a dark exciton and a charge.?’

The ultrafast energy and charge transfer processes that follow the pulsed excitation
of excitons have been studied by transient absorption spectroscopy in the visible and in-

frared, 630732

while changes in the THz conductivity have been observed using optical-pump
terahertz-probe (OPTP) spectroscopy.®¥ 3 While some studies of the THz photo-response
have reported free-carrier generation in metallic and semiconducting films, assigned to the

34

dissociation of optically generated excitons,”* others have observed resonances in the THz

photoconductivity spectra which have been assigned to intra-excitonic transitions.3¢:38 A
plasmonic THz response peaked at 4 THz was observed by Kampfrath et al., which lowered
in amplitude under photoexcitation.*® Recently, Karlsen et al. studied the THz conductivity
of thin films of long and short SWCNTSs, and attributed a photoinduced reduction in the
THz conductivity to a broadening of the plasmonic response, assuming that photoexcitation
heats the SWCNTs and increases the momentum scattering rate.?® Kar and Sood reported
the terahertz photoconductivity of single-walled and double-walled carbon nanotubes and
interpreted the photoconductivity using Boltzmann transport theory for free charges only,
ignoring the equilibrium plasmonic contribution.4°

The above experiments highlight challenges in understanding the optical and THz re-
sponse of carbon nanotubes. These studies involved a wide range of SWCNT films with
different morphologies (e.g. surfactant®3® or polymer wrapped?®), chiralities (semiconduct-

ing SWCNTs, metallic SWCNTS, or both), different physical lengths,® and varying SWCNT

densities. However the influence of doping on the THz photoconductivity, and the interaction



between trions, excitons and equilibrium charges, has remained unexplored.

In this work, we report a strong negative THz photoconductivity in thin-films of single-
walled carbon nanotubes (SWCNTs) with controlled doping levels. The equilibrium conduc-
tivity and negative photoconductivity of adsorption-doped and electrically-gated samples
were examined, in order to distinguish properties observed due to doping from any electro-
magnetic response of the adsorbed nanoparticles. Negative THz photoconductivity is found
to be an intrinsic property of these conductive SWCN'T thin films, whereby the mobile carrier
density was reduced, or the carrier mass enhanced, by photoexcitation. The strong many-
body interactions in 1D SWCNTs led to a reduction in the number of delocalized, mobile
charges by the formation of trions. The high THz conductivity of the films was efficiently
modulated by the strong optical absorption of the SWCNTSs, giving high modulation depths
while retaining a picosecond response time. Further, the dynamic response time was tuned
by changing the doping level. This suggests the promise of controllably-doped SWCNTSs for

ultrafast nanoelectronic devices, including THz modulators and detectors.

Results and Discussion

Influence of adsorption doping or ionic gating on equilibrium UV-THz optical
properties. We synthesized SWCNT films via the floating-catalyst aerosol CVD method,*!
creating 40 nm-thick SWCNT films comprising an extended network of individual and bun-
dled (around 5 per bundle) SWCNTs. A mean diameter of 2.1 nm was determined from
transmission electron microscopy of a number of individual tubes (a typical nanotube is
shown in Figure 1(a) inset), while tube lengths were above 10 um. As-deposited films were
used in order to avoid additional processing steps (such as sonication and surfactant wrap-
ping) which can introduce additional defects, change the chemical and dielectric environ-
ment, and reduce the length of the as-grown SWCNTs. Hence, the films contained a mix of

one-third metallic and two-thirds semiconducting SWCNTSs, as expected theoretically,® and



as found previously in films grown under similar conditions, using TEM to establish CN'T
chiralities. A substantial amount of prior work on doped SWCNTSs used films containing
large bundles, where adsorption doping at the surface will not work effectively for the central
tubes in the bundle; hence increasing attention has focused upon the doping of individual
SWCNTs or small bundles. 423 Here the small number of SWCNTSs per bundle permitted ef-
fective p-type doping at different levels using HAuCly solutions with varying concentrations,
while electrostatic doping permitted ambipolar doping of films made from the as-deposited
SWCNTs (see Methods).

The absorption spectra of the pristine SWCNT films [blue line in Figure 1(a)] show
three absorption peaks in the near infrared range, corresponding to the 7 (2300 nm), EJ,
(1300nm) and EM (890nm) excitonic absorption lines for interband transitions in semi-
conducting (S) and metallic (M) SWCNTs. At longer wavelengths the absorbance rises
monotonically through the infrared towards the THz range, as a result of free carrier ab-
sorption by axial plasmon motion and delocalized carriers. 644

In Figure 1(c) the conductivity can be seen to increase towards zero frequency, indicating
the prevalence of delocalized charge transport over a long length scale in these films. The
equilibrium conductivity of SWCNT films is well described by the Drude plus plasmon model
(solid lines), 64 where some fraction of free charges undergo a plasmon resonance, repre-
senting the confined collective motion of carriers along tubes, while other charges undergo a
Drude-like free carrier response, indicative of delocalized intertube transport along percolat-
ing channels on a larger scale. Details of the fitting model are provided in the Supplemental
Information. When SWCNTSs form an extended network, a strong Drude contribution can
result,** 4" while a plasmon response is expected for isolated tubes. The plasmon frequency
is given by wy = vqm/L for a plasmon with speed vq confined to move in a length L.'5%
When L ~ 1 pm, the plasmon frequency falls in the THz range at wy, /27 ~3 THz.'"* For
the longer SWCNT studied herein (L > 10 um), the fitted plasmon frequency is lower, at

wpi/2m = 0.15 THz. This yields vg ~ 3 x 10°ms™', assuming L ~ 10 um, consistent with



estimates from theory,'® although we stress that vg may be lower if the actual L is lower.
In the fit a constant wy, was assumed for all cases, as samples were derived from the same
growth and hence had the same physical length L. Previous studies found that wy depends
sensitively on the length of the CNTs!” and does not vary substantially with carrier density
when doped!” or when photoexcited.?3?

A large change in absorbance occurs upon increasing adsorption doping [red, green and
black lines in Figure 1(a)]. For the lowest concentration (4 mM, red) the chemical potential
has lowered, depleting the two highest valence bands of electrons, suppressing the E?, and
E3, excitonic optical absorption transitions.*®4% From the absence of EJ, at 0.95¢eV and the
presence of B} at 1.4eV we deduced the chemical potential 1 ~ —0.6 eV from —EM /2 < y <
—FE3,/2. The reported p-type doping under HAuCl,*® was confirmed by Raman spectra of
the G mode, shown in Figure 1(b). The conductivity in the THz range is increased by doping,
as for instance shown for the 15 mM HAuCl, sample in Figure 1(d). At higher doping levels
additional visible absorption peaks arose between 1000 nm and 2000 nm [green and black
lines in Fig. 1(a)], which can be attributed to intersubband transitions like Ej).4%5152

In the ultraviolet, the increase in the absorbance after adsorption doping may be ex-
plained by the SWCNTSs’ m-plasmon mode changing strength, similarly to the case reported
for Fe-doped SWCNTSs.% These new peaks disappeared within 6 months (Supplementary In-
formation) because of the de-doping processes whereby chlorine ions detach from the SWC-
NTs slowly.?*%® Additional absorption around 550 nm occurs due to the surface plasmon
mode of gold nanoparticles, as can be seen in the de-doped sample (Supplementary Infor-
mation). These features were not observed in the gated samples.

The Raman-active G mode can be used as a sensitive probe of the magnitude and type
of doping. In Figure 2 a systematic shift of the G mode’s peak due to p-type doping can be
seen from Av = 2cm™! for the lowest doping, to Av = 18 cm™! for the highest doping.?® A
shift in the G mode for the gated sample is also evident: applying a gate voltage V;, = =2V

resulted in Ay = 2.5cm™!, similar to the lightest doped sample, while n-type doping was



obtained with positive gate voltage in this device.

Terahertz conductivity and photoconductivity. The THz conductivity of the films
in equilibrium, oey(w), and at times ¢ after photoexcitation, o(w,t), were determined for all
doped samples, and as a function of voltage for the ionic gate devices. The optical pump
wavelength was 650 nm, and the fluence F was varied up to F' = 26 uJ/cm~2 in the results
reported herein. In all cases, the amplitude of the transmitted THz pulse was increased
under optical excitation, demonstrating negative photoconductivity. This is in contrast
to the normal positive photoconductivity of semiconductors such as GaAs (Supplemental
Information).

In optical-pump, THz-probe spectroscopy the pump-induced change in the THz elec-
tric field transmitted through a sample is measured at different pump-probe delays, i.e.
AE/E = (Eoy — Eof)/ Eor- Here we analyzed the THz conductivity versus probe frequency
at different pump-probe delays, o(w,t) = 0eq(w) + Ac(w,t). It is important to analyze
the total conductivity of the SWCNT film, rather than just the photoconductivity, as pho-
toexcitated quasiparticles can alter the behavior of the charges present in equilibrium. We
introduce an expression for the photoconductivity of a thin-film which is valid for a heavily

doped film, and for large transmission changes:

_% [% — iweg(ning + nlg)
Ao = 1+ 5 St .

where d is the film thickness (40nm), and n; and n; are the complex refractive indices of
the media on either side of the film, and all conductivities are complex, e.g. 0 = o1 + i05.
This expression includes a change in the lattice component of the dielectric function after
photoexcitation, Aey, which can arise because the pump bleaches the excitonic interband
transition strength. The complex refractive index of the film before photoexcitation, ngg,
was obtained from the equilibrium THz transmission measurements. Equation 1 is derived

and described in more detail in the Supplemental Information. In contrast, the widely-used



expression®® Ao = —(n; + ng)ceg(AE/E)/d is not valid in this case as it is not accurate at
large AE/E, nor for films with a high equilibrium conductivity. In the limit of small AE/FE,
low equilibrium conductivity, and no photoinduced change in the high-frequency dielectric
constant (Ae;, = 0), Equation 1 reduces to this simpler form. For the free-standing pristine
and doped films, n; = n, = 1.0, while for the ionic gel-gated, quartz-encapsulated device we
assumed n; = n; = 2.0.

A prominent negative photoconductivity can be seen in Figure 3 by comparing the real
part of the sheet conductance od of the undoped film without excitation (open blue circles)
and 2 ps after photoexcitation at several pump fluences (filled blue circles). The observed
conductivity after photoexcitation was lower in amplitude, and an enhanced suppression of
o1(w, t = 2ps) with increasing fluence is evident in Figure 3(a). A higher fluence resulted in a
progressively narrower o1 (w,t = 2ps), as can be seen for instance from the frequency fawuam
at which the conductivity is half its maximum value (red squares). At later pump-probe
delays, the conductivity recovered rapidly back towards its equilibrium level, increasing in
amplitude and broadening in width, as shown in Figure 3(b). The solid lines show fits using
the Drude plus plasmon model (Supplemental Information)

The influence of free charges, provided by adsorption doping or electrostatic gating, on the
negative THz photoconductivity is reported in Fig. 4. For all doping levels photoexcitation
lowers the conductivity of the film, with an overall spectral shape consistent with long-range
transport from delocalized charges. The electrostatically gated sample [Fig. 4(c)] shows the
same behaviour as samples doped with HAuCly. Therefore, the THz spectroscopy results
are sensitive to the doping of the SWCNTSs, rather than being linked to the electromagnetic
response of the adsorbed nanoparticles. Superimposed upon this low-frequency peak to
o1(w,t = 2ps) are small resonances at 0.9 THz and 1.7 THz (marked by asterisks in Fig. 4),
which are not seen in the pristine o1 (w, t) spectra after excitation in Fig. 3. These peaks may
be linked to intra-excitonic transitions associated with dark excitons: Luo et al. observed

a peak in oy at 1.5 THz for (6,5) SWCNTs.?® Given their low overall spectral weight we



do not consider them further here. Note also that fgwuwm of the electrically-gated sample
is marginally larger than the adsorption-doped sample, which may be a consequence of
increased scattering associated with short-range disorder in the local dielectric environment
of the ionic gel.

Origin of negative photoconductivity. Negative photoconductivity is rare for semi-
conductors and semi-metals, and previously was reported for 2D materials such as graphene
and MoS,.%" In graphene it can be explained by changes to the Drude weight resulting
from thermal broadening of the carrier distribution after optical excitation: the momen-
tum scattering rate increases, lowering the Drude weight, and outweighing the increase in
carrier density.%®% Recently, Karlsen et al. studied the negative THz photoconductivity in
thin films of undoped, long, 2nm diameter SWCNTs.?? The photoinduced reduction in THz
conductivity was attributed to a broadening of the plasmonic response, for a plasmon at low
frequency (10 GHz), where photoexcitation was assumed to heat free charges and thereby
increase the momentum scattering rate, assuming that the number of charges remains con-
stant. Here, in contrast, we find that photoexcitation produces a pronounced reduction in
the scattering rate, evident from the narrowing of oy (w), simultaneously to a reduction in
mobile carrier density.

Within the Drude model of intraband free-carrier absorption, o(w) = op/(1 — iwTp),
where op = Ne?rp/m* for carrier density N, momentum scattering time 7p and effective
mass m*. Hence, fpwnum = 1/(277p) and the observed reduction in fgwpwm under photoexci-
tation implies an increase in momentum scattering time (reduction in momentum scattering
rate). The experimental negative photoconductivity reported here corresponds to an overall
reduction in the height of the peak, op, as a consequence of a reduction in /N, or an increase
in m*. Importantly, the change in N or m* after photoexcitation must outweigh the increase
in 7p, which acts in the opposite direction, to increase op. While stated here with reference
to the Drude model, we stress that similar conclusions can be drawn for the plasmon model

in the limit w > wp.



To analyse the change in spectral weight with doping and photoexcitation, and in a model-
independent manner, we used the partial sum rule for the effective electron density, %! N.g,

defined by

2m*me,

Nog (') = /0 " s (w)dw, @)

me?

where w'/27 = 2.2 THz is a cut-off frequency, m, is the free space electron mass, and m*
is the carrier effective mass. Neg(w') is the effective density of charges contributing to
electromagnetic absorption at frequencies below w’. As m* is not known a priori, and changes
with doping level, we report Neg/m* in Figure 5(a) for the pristine SWCNT film and the
15mM AuCly-doped film. In both cases photoexcitation lowers the spectral weight Neg/m*
calculated from the sum rule, indicating either a reduction in N.g or an increase in m* after
the optical pump is absorbed.

Under photoexcitation, an exciton in a SWCNT can bind to a free charge to form a
trion. As a bound state of three charges, trions have a larger effective mass, and hence lower
carrier mobility and conductivity than free charges. For trion formation to be possible,
there must be (i) a large trion binding energy, and (ii) a free charge within the exciton
diffusion length (the distance it can travel on average before recombination), which can
exceed 100nm in SWCNTSs. %6264 The first condition is evidently satisfied: trions lay lower
in energy than the bright singlet exciton Ey; transition by 70 meV for suspended SWCNTs. %
To assess the second condition, we calculated the number of excitons and free charges per
SWCNT as follows.?®% From the pump fluence (26 uJem™2 at 650 nm) and absorbance we

estimated that the exciton sheet density was 1.7 x 10! cm™2

, assuming one photon absorbed
produces one exciton. From transmission electron microscopy the SWCN'T areal density was
2.5 x 10" em~2, and the ratio of these sheet densities yields 70 excitons per SWCNT.

The sum rule analysis provides the carrier sheet density in equilibrium, which varies from
2.4 x 10" ecm~2 for the pristine sample to 1.2 x 10*® cm~2 for the highest adsorption doping
case, corresponding to between 1000 and 5000 free charges per SWCNT (assuming m* = 1).

67

However, if a lower effective mass®” more typical of these tubes is assumed (m* = 0.2) then

10



between 200 and 1000 free charges per SWCNT results. Assuming an average SWCNT
length of 1pm, the hole density per unit length is between 1 and 5 nm~! for the highest
p-type doped sample. This is comparable to the number of dopant ions per unit length.?
Since the exciton and hole number density are both high, there is a ready supply of free
charges close to each exciton on each SWCNT, satisfying condition (ii).

The momentum scattering rate, as tracked by fagwmw in Figure 5(b), lowers with increas-
ing fluence. Indeed, fawnawm X Neg [inset in Fig. 5(b)], demonstrating that the momentum
scattering rate increases with Ng for each sample. Single-particle transport has been well
studied in SWCNTSs: carrier scattering from disorder, impurities, interactions with the sub-
strate, electron-hole scattering and electron-phonon scattering have been widely discussed.®
Acoustic phonon and impurity scattering mechanisms dominate the total scattering rate for
low energy carriers at room temperature, while optical and zone-boundary phonon emission

becomes possible for carriers with energies above 160 meV.47:66:68

However, the conductiv-
ity of charges including any interactions with excitons, and the conductivity of trions, have
not been investigated theoretically to the best of our knowledge. We provide two possible
explanations for the observed narrowing in oy(w,t): (1) that the formation of trions re-
duces the free hole density, lowering the momentum scattering rate of the remaining holes;
(2) the residual conductivity observed under photoexcitation may represent the delocalized
Drude or plasmonic response of the metallic SWCNTs present in our films (1/3 of tubes),
assuming that the contribution of the semiconducting tubes is efficiently suppressed. This
second suggestion is based on the observation that metallic SWCNTSs are less sensitive to

569 and hence have lower momentum

short range disorder than semiconducting SWCNTs,
scattering rates.

Influence of doping on recombination dynamics. To further elucidate the origin of
negative photoconductivity (positive AE/E), we obtained Neg/m* and fywpw from oq(w, t)

spectra at pump-probe delays from t = —2.5ps to t = 17.5 ps, as reported in Figure 6 for the

15mM doped sample and the pristine SWCNT film at a fluence of 26 uJem™2. At zero pump-
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probe delay, Neg/m* is rapidly suppressed for both the doped and pristine samples. The
larger relative reduction in Neg/m* for the doped sample is a result of its higher absorbance at
the pump wavelength [Fig. 2]. After zero pump-probe delay, Nog/m* recovers rapidly towards
its equilibrium level. The solid lines illustrate fits using Neg/m*(t) = A — Be "7, where A is
the equilibrium value of Neg/m* and B is the modulation depth. The recombination times
obtained are 7 = 2.4 ps for the pristine SWCNT film and 7 = 1.5ps for the doped film. A
similar reduction in 7 for increasing p-type doping was observed for the gated device. These
numbers are close to the 2.7 ps single-exponential trion lifetime reported for hole-doped
SWCNTSs. 2% Trions in polymer-wrapped (6,5) semiconducting SWCNTs were shown to be
formed within 500 fs of photoexcitation by rapid exciton diffusion to less-mobile holes, before
subsequently decaying with a 2 ps lifetime. ?® The recovery times observed here are therefore
consistent with trion decay times, which are similar to exciton lifetimes.

The momentum scattering rate is also modified dynamically during the recombination
process, lowering after photoexcitation and recovering with the same timescale as Neg/m*,
as illustrated in Fig. 6(b). As with the fluence-dependent data, frwnum o< Neg/m™ [inset in
Fig. 6(c)]. The doped sample has a shallower gradient than the pristine sample, implying
that the carrier scattering rate is a function of the chemical potential.

Also shown in Figure 6(c) is AE(t)/E obtained at the peak of the THz pulse, for different
pump-probe delays t. The photoinduced THz modulation depth exceeds AE(t)/E = +60 %
for the pristine sample when pumped at fluence F' = 26 pJem=2. This suggests a potential
application of the giant negative photoconductivity of SWCNT's in ultrafast THz modulators.
This modulation depth exceeds those previously obtained from positive photoconductivity in
GaAs nanowires (AE(t)/E = —15 % for 14 stacked and co-aligned layers, F' = 280 uJem—2) ™
and polymer-wrapped SWCNTs (AE(t)/E <-0.2%, F = 175 upJem™2).™ The modulation
depth for negative photoconductivity in our SWCNT films is larger than that for MoS,
(AE/E = 1.5%, F = 50 uJem™2)™ and graphene (AE/E = 3%, F = 50 uJem=2).™ Here,

the high THz conductivity of the films was efficiently modulated by the strong optical absorp-
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tion of the SWCNTs, giving high modulation depths while retaining an ultrafast decay time,
which was tuned by changing the doping level. At higher fluences the changes in Neg/m*,
fawnm and AE/E [Fig. 5(c)] appear to saturate, potentially as a result of the bleaching of

the excitonic absorption resulting in less than one exciton on average per incident photon.

Conclusions

We examined negative THz photoconductivity and its recovery dynamics in p-type chem-
ically doped films, achieved using HAuCly, and in electrically-gated devices made with an
ionic gel. The relatively small number of SWCNTSs per bundle resulted in efficient control of
the chemical potential and doping level by either method, in comparison to larger bundles
where changing the chemical potential of the central SWCNTs is harder. We correlated
the ultrafast THz spectroscopy study with results from UV-vis-IR absorption spectroscopy,
Raman spectroscopy, and transmission electron microscopy, allowing a full characterization
of the film’s morphology and optoelectronic properties.

The observation of negative photoconductivity for pristine SWCNT films, adsorption
doped films and under ionic gating demonstrates that this is an intrinsic property of SWCNT
thin films, and that it occurs for all chemical potentials. This behaviour is in contrast to the
previously observed gate-tuned photoconductivity in graphene,”™ where negative photocon-
ductivity was observed at high chemical potential and attributed to an increased momentum
scattering rate. Here, the high THz equilibrium conductivity was attributed to the high
mobility and long conductivity length of these films, as well as effective doping. The neg-
ative photoconductivity effect observed was created by a photoinduced lowering of the free
charge density (or increased mass), which we ascribed to the formation of trions, and which
simultaneously lowered the momentum scattering rate. Future work may systematically ex-
amine negative photoconductivity in aligned SWCNTs with precisely constrained lengths

and controlled network connectivity, to better disentangle the plasmonic, Drude-like and
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intra-excitonic features.

This improved understanding of the transient transport dynamics of photoexcited carriers
in carbon nanotubes is important in the drive towards nanoelectronics and THz devices
built on SWCNTs. Finally, the negative ultrafast photoconductivity reported here offers
significantly larger modulation depths (reaching AE/E > 60%) than obtained at the same
pump fluences in alternative materials, opening new prospects for the design of ultrafast
spectrally wide-band THz modulators, polarizers, emitters and detectors. Long CNTs grown
by aerosol CVD are ideal candidates for these applications as they show giant modulation

depth, broad bandwidth, and picosecond switching times that can be tuned by doping.

Methods

Sample preparation. A dry transfer technique was used to make free-standing films with
a size lem x 1em x 40nm. 4! As-grown films were used, which contained the catalytic Fe
nanoparticles used in CVD growth. TEM images showed that these Fe nanoparticles were
encapsulated by layers of carbon. To chemically dope, pristine SWCNT films were spin-
coated at 1000 rpm using a droplet of HAuCly ethanol solution of a certain concentration,
which was varied in the range from 4 to 30 mM. After 20s the solvent had completely
evaporated. Samples were stored in air and measured over a period of weeks to 6 months
after doping.

For electrical gating, SWCN'T films from the same growth as used in the adsorption dop-
ing study were transferred using the dry-transfer technique onto a 2 mm-thick z-quartz sub-
strate, with edges touching a gold contact. A drop of the ionic gel 1-Butyl-3-methylimidazolium
hexafluorophosphate covered the SWCNT film and connected to a lateral gold gate contact.
A second identical z-quartz substrate was placed on top, and sealed by epoxy, to encapsulate
the devices, preventing moisture and oxygen from interacting with the ionic gel or SWCNTs.

The ionic gel was stable over the entire duration of the experiments, as confirmed by regular

14



voltammograms (current-voltage loops) and repeated UV-visible absorbance measurements.

Spectroscopic techniques. Equilibrium absorbance spectra were determined via THz
time-domain spectroscopy (0.12-4 THz range), Fourier-transform infrared spectroscopy (3-
200 THz), and a UV/VIS/NIR spectrophotometer (200-1200 THz, or 250-1500 nm in wave-
length). Raman spectra using a confocal micro-spectrometer (Labram, Jobin-Yvon Horiba)
with a 660 nm laser at 0.58 mW (with spectral resolution 1 cm™! and spatial resolution 1.5
pum). The high quality of the pristine SWCNT films was confirmed by the low D mode
intensity in comparison to the G mode, which was a factor of 120 more intense. %76

The optical pump beam in the OPTP measurements was created by an optical parametric
amplifier (TOPAS), seeded with a 1 kHz, 40 fs, 800 nm pulse (from a Newport Spectra Physics
Spitfire ACE) to create pulses with a tunable centre wavelength. The THz probe pulse was
generated using a 2mm-thick (110) GaP crystal, and detected with electro-optic sampling in
a 2.0 mm-thick (110) ZnTe crystal. The THz beam was < 0.5mm in diameter at the sample
due to the high numerical aperture off-axis parabolic mirrors, while the optical pump beam
was more than 3 times larger in diameter. The THz generation beam was chopped at 500 Hz
while the optical pump beam was chopped at 250 Hz. The fastest observable dynamic for
this spectrometer was observed to be around 200fs for the photoconductivity rise time of
GaAs.”™ All THz experiments were carried out in the transmission geometry in a nitrogen
environment and at room temperature. The choice of 2mm-thick quartz for the gated devices
meant that the THz spectral resolution was not reduced substantially in comparison to the

THz spectral resolution for the spectrometer, set by the 2mm-thick crystals.
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Giant negative terahertz photoconductivity in controllably doped carbon nan-

otube networks

M. G. Burdanova, A. P. Tsapenko, D. A. Satco, R. Kashtiban, C. D. W. Mosley, M.
Monti, M. Staniforth, J. Sloan, Y. G. Gladush, A. G. Nasibulin and J. Lloyd-Hughes.

Synopsis: Carbon nanotube thin films were shown to exhibit large negative photoconduc-
tivity, where the conductivity lowered after optical excitation, before recovering on picosec-
ond timescales (left). The reduction and recovery of the mobile carrier density (right) was
tracked using ultrafast terahertz spectroscopy. The large modulation depth, and tunability

of the recovery time with doping (right), offers promise for ultrafast devices including THz

detectors, polarizers and modulators.
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Figure 1: The transmittance (a) and Raman (b) spectra of pristine (blue) and chemically-
doped SWCNTs made from HAuCly solutions with concentrations 4mM (red), 15mM
(green) and 30mM (black). The red arrow indicates the surface plasmon mode of the ad-
sorbed gold nanoparticles around 550 nm, while the black and green arrows with asterisks
mark the positions of intersubband plasmons. The insert shows a typical TEM image of
a single SWCNT. (c) Equilibrium sheet conductivity of a pristine SWCNT film. (d) Equi-
librium sheet conductivity of a film doped by 15mM HAuCl,. The real (blue circles) and
imaginary (red circles) parts of the measured conductivity are fit by the combined Drude and
plasmon model (solid lines). The dashed line shows the pristine sample’s sheet conductivity
for comparison.
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Figure 2: The change in GT mode position at 660 nm and absorbance at 650 nm for (a)
adsorption doped samples as a function of the dopant concentration and (b) electrically-
gated sample as a function of applied voltage. The axis for voltage was reversed to show the
similar trend of Raman shift for doped and negatively biased samples. The solid lines are
guides for the eye.
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Figure 3: (a) Equilibrium conductivity (empty dots) and conductivity at t = 2 ps after exci-
tation (filled dots) of the pristine SWCNT film at fluence F = 0, 2.8, 6.95, 14.3, 26uJ /cm 2.
Real (blue circles) and imaginary (red circles) parts of the measured sheet conductivity (od)
are plotted. The arrow points from low to high fluence. The red squares and dashed line
mark the change in fgwnawm. (b) Conductivity at ¢ = 1.8 ps, 3.2ps, 5.4ps and 20 ps after
photoexcitation, for F' = 26uJ/cm™2. The arrow points from early to later times.
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Figure 4: Equilibrium conductivity (empty dots) and conductivity 2 ps after photoexcitation
at F' = 26 uJem™2 (filled dots) of (a) film doped with 4 mM HAuCly; (b) film doped with
15mM HAuCly; (c) ionically gated sample at V;, = —2.0 V. Real (blue circles) and imaginary
(red circles) parts of the measured conductivity are plotted. The red asterisks indicate the
position of weak additional peaks present after doping.
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Figure 5: (a) Ratio of effective density of electrons to effective mass, Nog/m*, versus fluence,
F, for pristine (open circles) and 15mM doped sample at ¢ = 2ps (filled circles). (b)
Frequency width of o1(w,t = 2ps), fawnm, versus F. (c) AE/E at the peak of the THz
pulse and pump-probe delay ¢ = 2ps. The insert shows the linear dependence between

fHWHM and Neff/m*-
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Figure 6: (a) Ratio of effective density of electrons to effective mass, Neg/m*, versus pump-
probe delay time t for pristine (open circles) and 15mM doped (filled circles) samples. (b)
Frequency width of oy (w, t), fawnwm, versus t. (¢) AE/E at the peak of the THz pulse versus
t. The insert shows the linear dependence between fpwuy and Neg/m*.
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